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Abstract Modifications were performed on a biomimetic

solution (SBF), according to previous knowledge on the

behavior of ions present in its composition, in order to obtain

apatite coatings onto Ultra-High Molecular Weight Poly-

ethylene (UHMWPE) without having to use polymer pre-

treatments that could compromise its properties. UHMWPE

substrates were immersed into a 30% H2O2 solution for a

24-h period and then submitted to a biomimetic coating

method using standard SBF and two other modified SBF

solutions. Apatite coatings were only obtained onto

UHMWPE when the modified SBF solutions were used.

Based on these results, apatite coatings of biological

importance (calcium-deficient hydroxyapatite—CDHA,

amorphous calcium phosphate—ACP, octacalcium phos-

phate—OCP, and carbonated HA) can be obtained onto

UHMWPE substrates, allowing an adequate conciliation

between bonelike mechanical properties and bioactivity.

1 Introduction

Mechanical properties similar to natural bone tissue, high

resistance to abrasion and impact, and a low friction

coefficient make Ultra-High Molecular Weight Polyethyl-

ene (UHMWPE) a suitable material for bone replacement.

This is why it is largely used in total hip, knee, and

shoulder prostheses [1–3]. Because it is a bioinert material,

its fixation to the bone is only possible by using polym-

ethylmetacrylate (PMMA) bone cements, which are related

to severe biological effects, such as necrosis of tissues and

release of residual monomers [4]. The conciliation between

UHMWPE and a bioactive material would provide ade-

quate conditions for direct bonding of this polymer to the

bone and for obtaining a suitable biomaterial for bone

replacement, combining bonelike mechanical properties

and bioactivity.

The most frequently used bioactive materials that also

provide satisfactory bioactivity are calcium phosphate bioce-

ramics, referred to as apatites, which include hydroxyapatite

(HA), amorphous calcium phosphate (ACP), and octacalcium

phosphate (OCP), among others. In addition to the fact that

they are bioactive, these materials are osteoconductors and,

depending on their compositions, show differentiated chemi-

cal and biological properties, allowing them to be used in

conformity with the behavior required for each implementa-

tion medium [5–8].

The biomimetic coating method has sparked great

research interest because it mimics the biological bone and

tooth formation process via the use of a solution with

composition, pH, and temperature similar to biological flu-

ids, known as Simulated Body Fluid (SBF). This method

allows practically any type of substrate, with any morphol-

ogy and size, to be coated with a uniform layer of apatite, and

allows control over coating characteristics, such as thick-

ness, composition, and crystallinity [9, 10]. The SBF

solution contains in its composition ions Ca2? and PO4
3-, as

well as essential trace ions such as Na?, K?, Mg2?, SO4
2-,

and HCO3
-, which have specific and differentiated func-

tions. Some of these ions have been reported to be

responsible for disturbances in the nucleation and growth of

apatites, such as Mg2? and HCO3
- [11–18].
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Because it is a hydrophobic polymer with low chemi-

cal reactivity resulting from the fact that the polymer

chain is apolar, apatite coatings onto UHMWPE sub-

strates using the biomimetic method can only be obtained

by previously modifying the polymer chemically, with the

objective of forming hydrophilic functional groups on its

surface, which will act as active sites for apatite nucle-

ation. Several UHMWPE modification methods have been

reported: ion beam process, oxygen (O2) cluster beam

irradiation, ultraviolet (UV) irradiation, and glow dis-

charge (GD). These are methods that require specific

technological equipment that can compromise the poly-

mer substrate’s properties as they cause intense oxidation

[4, 19, 20].

In the present study, the SBF solution composition was

modified in order to allow apatite coatings to be obtained

onto the surface of UHMWPE substrates without requiring

treatments that could compromise the properties of the

polymer. A 30% hydrogen peroxide solution (H2O2) was

employed to induce the formation of hydrophilic functional

groups onto the surface of the substrates, because it is

simpler to use and because of its less aggressive nature on

the polymer’s properties.

2 Materials and methods

2.1 Preparation of UHMWPE substrates

UHMWPE substrates were prepared by molding

UHMWPE powder (UTEC 6541, Brasken S/A, Brazil) by

compression, using a uniaxial press and applying a 5-ton

pressure with a metallic mold (1.2 cm in diameter). After

being molded, the polymeric substrates were submitted to

thermal treatment at 160�C for 1 h. The UHMWPE sub-

strates were ultrasonically washed with acetone and

ethanol and dried at room temperature.

2.2 Formation of hydrophilic groups on the polymer

surface

To form hydrophilic functional groups on the polymer’s

surface, the UHMWPE substrates were immersed in a 30%

hydrogen peroxide solution (H2O2) for a 24-h period, at

room temperature. After the immersion in H2O2 solution,

the specimens were gently washed with distilled water and

dried at room temperature.

2.3 Biomimetic coating of UHMWPE substrates

The UHMWPE substrates after the formation of hydrophilic

groups in its surface were submitted to the biomimetic

coating method using the standard SBF solution and two

new SBF solutions with modified compositions, as descri-

bed in Table 1. The solutions were prepared by dissolving

analytical grade reagents into demineralized water and

buffered at pH 7.40 with trishydroxymethylaminomethane

and 1 M hydrochloric acid. All solutions used were

1.5 times stronger than regular SBF.

The samples were immersed in each SBF solution and

maintained at 37�C for a 7-day period. The solutions were

replaced every 48 h. After the immersion period, the sub-

strates were removed from the solutions, washed with

demineralized water, and dried at room temperature.

2.4 Surface analyses of UHMWPE substrates

The surface of UHMWPE substrate before and after the

formation of hydrophobic groups was analyzed by Fourier

Transform Infrared Spectroscopy—FT-IR (Spectrum 2000

Perkin Elmer) and contact angle measure (OCA-15 Video-

Based Optical Contact Angle Meter, Dataphysics, using

demineralized water as liquid for the analysis). For contact

angle measure a minimum of three drops were collected at

different locations on the sample surface and mean error

was reported in Fig. 2.

The surface of substrate after the biomimetic coating

method was analyzed by scanning electron microscopy—

SEM (Philips XL Series, model XL 30 TMP attached to a

spectral analysis system by Energy Dispersive for X-ray—

EDX, using gold as conductor material), X-ray diffractom-

etry—XRD (SIEMENS D5000), and Fourier Transform

Infrared Spectroscopy—FT-IR (Spectrum 2000 Perkin

Elmer).

3 Results

Figure 1 shows the FTIR spectrum of the surfaces of

UHMWPE substrates before and after the immersion in

Table 1 Ion concentrations of standard and modified SBF solutions (1.5 9 strength) (mmol dm-3)

Na? K? Mg2? Ca2? Cl- HPO4
2- SO4

2- HCO3
-

Standard SBF 213.0 7.5 11.25 3.75 221.7 1.5 0.75 6.3

Modified SBF 1 210.6 – – 4.65 214.35 2.79 – –

Modified SBF 2 210.6 – – 4.65 214.35 2.79 – 7.5
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H2O2 solution. IR peaks of UHMWPE substrates before

immersion were ascribed to C–C bonds (465, 1055 and

1350 cm-1), CH2 groups (725 and 2840 cm-1), C–H

bonds (2450–2640 cm-1 and 2900–3300 cm-1), and CH3

groups (1460 and 2900 cm-1), Fig. 1a. IR peaks appeared

after the immersion were ascribed to C=C bonds (1545 and

2100–2400 cm-1), C–OH groups (2530 and 3500–

3980 cm-1), C=O groups (1875, and 3456–3554 cm-1),

and vinylene double bonds (967 cm-1), Fig. 1b.

Figure 2 shows the contact angles of UHMWPE sub-

strates before (a) and after (b) the immersion in H2O2

solution. Before the immersion UHMWPE substrates gave

a high contact angle of 1128 (a), but the contact angle

decreased to around 808 after the immersion (b). These

results indicate that the functional groups formed by

immersion in H2O2 solution are effective for inducing

hydrophilicity on the UHMWPE surface.

Figure 3 shows the surface of the UHMWPE substrate

after immersion in the standard SBF solution. The presence

of small particles on the UHMWPE surface can be noted in

Fig. 3b; however, the EDX spectrum, Fig. 3c, indicates the

absence of elements calcium and phosphorus, showed only

the element used as conductor material (Au), demonstrat-

ing a lack of apatite coating with the use of the standard

SBF solution.

Figures 4 and 5 show the UHMWPE substrate surfaces

after immersion in the modified SBF solutions 1 and 2,

respectively. The formation of apatite coating was
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Fig. 1 FTIR spectrum of

UHMWPE substrates a before

and b after immersion in 30%

H2O2 solution
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observed when both modified SBF solutions were used.

The modified SBF solution 1 caused the formation of

coating consisting of different apatite phases, as evidenced

by the presence of particles with typical morphology of

ACP phases, small spherical grains, HA, particles with

flower-shaped morphology, and OCP, characterized by

perpendicularly oriented crystals, similar to needles [16,

18, 21, 22], Fig. 4a. The presence of elements Ca and P

occurred at a 1.57 ratio, Fig. 4b. XRD, Fig. 4c, indicated

that the coating obtained consisted of phases ACP, OCP,

and calcium-deficient hydroxyapatite—CDHA with for-

mula Ca8.86(PO4)6(OH)2, both of biological importance

[23–25]. The FTIR spectrum, Fig. 4d, confirmed the results

observed, since it showed bands in the PO4 group at 646,

984, 1144, and 1464 cm-1, and in the P–OH group at 515

and 876 cm-1. The band at 1652 cm-1 was caused by the

incorporation of water molecules.

When UHMWPE substrates were immersed into the

modified SBF solution 2, a coating consisting of a single

apatite phase was obtained, with typical ACP morphology,

Fig. 5a. The presence of elements Ca and P occurred at a

1.54 ratio, Fig. 5b. The presence of a CDHA with formula

Ca9H2(PO4)6 � nH2O was observed by XRD, which cor-

responds in composition to the ACP phase [18, 22],

together with type AB carbonated apatite (CA and CB),

Fig. 5c. The FTIR spectrum, Fig. 5d, showed bands typical

of P–OH groups at 1016 cm-1, PO4 at 562 cm-1, and type

A carbonated apatite at 1457 and 1528 cm-1. The band at

1636 cm-1 occurred because of the presence of water

molecules.

4 Discussions

The use of 30% H2O2 solution resulted in the formation of

hydrophilic functional groups on the UHMWPE substrates

due to the oxidation process described in Figs. 6 and 7. The

interaction between H2O2 solution and UHMWPE leads,

through a complex energy transfer, to the scission of C–H

bonds, gives vinylene double bonds, H radicals and sec-

ondary alkyl macroradicals, in both the crystalline and the
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Fig. 2 Contact angles of UHMWPE substrates a before and b after

immersion in 30% H2O2 solution

Fig. 3 UHMWPE surface after

immersion in standard SBF

solution: a SEM 5009, b SEM

50009 and c EDX
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amorphous phase of the polymer (Fig. 6). The alkyl mac-

roradicals react promptly with the residual oxygen in the

material, triggering the oxidation process widely known

under the name of Bolland’s cycle (Fig. 7), giving rise to

ketones, alcohols, carboxylic acids and esters, hydrophilic

functional groups that were effective for apatite nucleation

[26].

The combined presence of Mg2? and HCO3
- ions on the

composition of the standard SBF solution inhibited the

crystallization of apatites onto the UHMWPE substrates.

Some studies show that Mg2? and HCO3
- ions cause

disturbances in the mechanism of formation of apatites, and

are known as apatite nucleation and growth-interfering ions

[11–18]. The Mg2? ion is responsible for inhibiting apatite

crystallization when present in the solution at quantities

sufficient to compete with Ca2? ions (Mg/Ca molar ratio

higher than 0.05) [16, 17, 20]. The HCO3
- ion is one of the

impurity ions that are incorporated into apatites during the
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hydrolysis process of OCP into HA, and may affect the

formation of the latter phase when present in the solution at

concentrations higher than 5.0 mMol [16, 17]. Barrére

et al. [17] compared the inhibiting effect between Mg2?

and HCO3
- ions on apatite crystallization, and observed

longer coating formation periods in solutions with high

Mg2? concentrations than in solutions with the same

concentrations of HCO3
-, demonstrating the less pro-

nounced inhibiting effect of the HCO3
- ion. The literature

show that apatite coatings on UHMWPE substrates using

the standard SBF solution can only be obtained with a

previous modification of the polymer’s surface using

methods such as ultraviolet irradiation and glow discharge

[4], photografting and Vinyltrimethoxysilane hydrolysis
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(VTMS) [19], and irradiation with the simultaneous use of

an O2 cluster and a monomer ions beam [20]. In addition to

requiring specific technological equipment, these methods

can compromise the polymer’s properties because of the

pronounced oxidation that takes place. Based on these

observations, it becomes evident that the standard SBF

solution composition must be modified to obtain apatite

coating onto UHMWPE substrates.

The use of the modified SBF solutions 1 and 2 allowed

the formation of apatite coatings on the surface of the

UHMWPE substrates due to the modifications made in

their compositions. The absence of interfering ions in the

composition of the modified SBF solution 1 allowed ACP

crystallization and its partial conversion into OCP and from

the latter into CDHA, creating a coating that consisted of a

mixture of apatite phases. The presence of the HCO3
- ion

as the only interfering ion in the composition of the mod-

ified SBF solution 2 did not interfere with apatite

nucleation, allowing the crystallization and complete con-

version of ACP into CDHA, and its incorporation into the

HA structure, giving rise to a carbonated HA.

5 Conclusions

Using the biomimetic method to coat the surface of

UHMWPE substrates was only suitable when the compo-

sition of the standard SBF solution was modified. The

composition of the standard SBF solution, together with the

presence of ions reported to interfere with apatite crystal-

lization (Mg2? and HCO3
-), inhibited the formation of

apatite coatings. The absence of interfering ions in the

composition of modified SBF solution 1 provided the for-

mation of apatite coating onto the UHMWPE surface,

consisting of phases with biological importance (ACP,

OCP, and CDHA). The presence of the HCO3
- ion as the

only interfering ion in the composition of the modified SBF

solution 2 did not interfere with apatite crystallization, and

a coating consisting of CDHA and carbonated HA was

formed. Based on these results it becomes possible to

obtain apatite coatings onto UHMWPE without pre-treat-

ments of the substrate that could affect the polymer’s

properties, allowing an adequate conciliation between

bonelike mechanical properties and bioactivity, thus pro-

ducing a suitable bone replacement biomaterial.
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